Yeasts from all immature life stages of Mexican fruit fly Anastrepha ludens (Loew) (Diptera: Tephritidae) from diet, insectary air, and rearing materials were isolated, identified and evaluated for pathogenicity. Fifteen species of yeasts with one to genus level were identified from 72 yeast cultures obtained. Zygosaccharomyces bailii was the only yeast found to be highly pathogenic to Mexican fruit fly. Seventy-two hours post inoculation, the diet in bioassay cups with Z. bailii consistently showed signs of fermentation with gas bubbling causing the migration of larvae to the walls and lids of bioassay cups. The spent diet from Z. balii-infested cups was crusty, cracked and had a pasty layer. Many larvae were small, moribund, and discolored, appearing caramel or blackish. Insect yield loss with Z. bailii in comparison to that of control ranged from 10 to 44% for larvae and 14 to 47% for pupae. Additionally, Z. bailii caused a reduction in mean pupal weight. The weakly pathogenic yeasts produced significantly less yield of larvae and pupae than the nonpathogenic ones included Trichosporon montevideense, Clavispora lucitaniae, Candida sp., C. rugosa, and Rhodotorula mucilaginosa. Yield loss of larvae caused by this group ranged from 12 (C. lusitaniae) to 18% (R. mucilaginosa). Yield losses for pupa were similar to that of larvae. The mean pupa weight for these species was above the minimum acceptable (16.50 mg) for the SIT program. The nonpathogenic yeast produced yields of larvae and pupae similar to the control included Cryptococcus diffluens, Pichia kudriavzevii, Meyerozyma guilliermondii, Wickerhamomyces anomalus, Trichosporon asahii, Debaryomyces hansenii, Candida tropicalis, Cryptococcus sp., Candida parapsilosis, and Hanseniaspora opuntiae. In conclusion, the identification and management of insect pathogenic yeasts, such as Z. balii in mass rearing systems of Mexican fruit fly must be considered to avoid their potential negative effects.
Microbial contamination during the rearing process can cause mortality of insects, reduction of fly production, decreased quality of insects, and ultimately compromise SIT programs (Sikorowski and Lawrence 1994, Salas et al. 2017) .
In previous studies of microbes associated with Mexican fruit fly, only findings of bacteria were reported (McFadden 1966 , Rubio and McFadden 1966 , Martinez et al. 1994 , Kuzina et al. 2001 , Salas et al. 2017 . Our data of microbes isolated from A. ludens reared at the Mass Rearing Facility of Mexican fruit fly in Edinburg, TX, and at the APHIS USDA Mission Laboratory, Texas indicates that the microbiota associated with Mexican fruit fly is quite diverse. In addition to bacteria, fungi, and yeasts; nematodes, protozoans, helminths, microsporidia, and other microorganisms were discovered (Conway et al., unpublished) .
Generally, yeasts have been overlooked in studies of the microbiota of fruit flies. Recently, Deutscher et al. (2017) reported that yeasts and yeast-like fungi such as, Aureobasidium pullulans, Candida quercitrusa, Cryptococcus saitoi, Hanseniospora uvarum, Pichia kluyveri/fermentans, Pichia kudriavzevii, and Starmerella bacillaris were present in the alimentary canal of Bactrocera tryoni. Apidianakis et al. (2004) found that Drosophila melanogaster was killed after ingesting the Basidiomycete yeast Cryptococcus neoformans.
Diet in trays used for the rearing of Mexican fruit flies frequently showed signs of fermentation by exhibiting crustiness or unusual wetness on the diet surface. Microbial isolations made from the infected diet and plated onto Difco Sabouraud Agar (Becton, Dickinson and Company, Sparks, MD) yielded primarily yeasts. In our preliminary experiment with eight yeast species, only Zygosacharomyces bailii was found to be detrimental in the production of Mexican fruit fly larvae (Salas et al. 2013) .
The effect of yeasts on the mass rearing of Mexican fruit fly is unknown. The objectives of this study were: 1) to isolate and identify yeasts from eggs, larvae, pupae, and diet of Mexican fruit fly, indoor-air in the Mexican fruit fly Mass Rearing Facility, and from materials used for the rearing of Mexican fruit fly and 2) to determine the effect of yeast on the early stages of developing A. ludens.
Materials and Methods

Isolation of Yeasts
Isolates of yeasts reported in this study were obtained from 2011 to 2014 (Tables 1 and 2) . Zygosaccharomyces bailii was the first yeast found and identified. Isolates 3290 and 3524 of this species were obtained from an unusually wet and crusty diet infested with eggs of Mexican fruit fly received from the Mexican Fruit Fly Mass Rearing Facility in Petapa-Guatemala, and also black larva that developed from eggs obtained from Petapa-Guatemala (Table 1) .
Yeasts were isolated from samples of egg suspensions, single larva, single pupa, artificial larval diet, and indoor-air collected from the Mexican Fruit Fly Mass Rearing Facility (MFFRF) in Edinburg, TX, CPHST Mex Fly Methods Development Laboratory (MD) in Mission, Texas, or from egg suspensions from Petapa-Guatemala (Tables 1 and 2) . To isolate yeasts from egg suspensions (MFFR and MD), eggs were collected from 5 to 6 egg-laying panels weekly by swabbing with sterile Q-tips at five locations on each panel. Each 5 cm long sampled segment of egg suspension was obtained from the top two corners, the bottom two corners and from the middle section of the panel. Swabbed eggs were suspended in a test tube using 9 ml of sterile distilled water. Ten-fold serial dilutions were performed for each sample. Aliquots of 100 µl of dilutions 10 -1 and 10 -2 were spread evenly on culture plates with Difco Sabouraud Agar (Becton, Dickinson and Company, Sparks, MD) or on Yeast Dextrose Agar plates (10 g yeast extract, 20 g anhydrous dextrose, 20 g agar, and 1 l of water).
Larvae and pupae were selected from diet trays to isolate yeasts from single individuals. Selection criteria included alive individuals that were retarded in activity, discolored, or moribund and dead individuals that were discolored. Each live larva was washed in sterile water, surface sterilized in 70% ethanol for 30 s, rinsed three times in sterile water, then crushed and homogenized in 1.5 ml Eppendorf microcentrifuge tube (Eppendorf North America, 102 Motor Parkway, Hauppauge, NY) with 0.2 ml of sterile water and later adjusted to 1 ml suspension. Serial dilutions up to 10 -6 were performed. Next, an aliquot of 100 µl of dilutions 10 -3 , 10 -4 , 10 -5 , or 10 -6 were spread onto the media as described above. Each discolored dead larva was rinsed 3 times only in sterile water, due to concerns that surface sterilization with ethanol may compromise the cuticle of a larval cadaver and kill the microbes inside. The technique used to isolate yeasts from pupa was like that described above for isolations of yeasts from live larva. A SAS Super 100 Air Sampler (Bioscience International Rockford, MD) was used to isolate yeasts from indoor-air at MFFRF. A Petri plate with Difco Sabouraud Agar attached to the sampler was exposed for 10 s while the person doing the sampling walked in the room where Mexican fruit fly larvae were being separated by tumbling from spent diet. The air-born yeast captured on the culture plates were incubated and purified to single cultures.
A 5 to 10 g sample of spent diet from trays was collected at random in sterile Petri plates to isolate yeasts from Mexican fruit fly diet. The diet sample was homogenized and one gram was placed in a milk dilution bottle with 99 ml of sterile distilled water. Serial dilutions were performed and an aliquot of 100 µl of dilutions 10 -4 to 10 -7 were plated onto each culture plate with aforementioned medium. All culture plates for all isolations were incubated in darkness at 27 ± 1°C for 4-5 d. Single developing yeast colonies, with unique morphology, were sub-cultured and purified by repeated transfers to Difco Sabouraud Agar plates.
Pathogenicity Tests
Pathogenicity was defined as the capacity of a yeast isolate added into a diet test to cause mortality of eggs, larva and/or pupa of Mexican fruit fly as compared to a control treatment without yeast and consequently measure the effect on the yield of larvae and pupae in a bioassay cup. A bioassay cup was a 198 g capacity small polypropylene plastic cup (Highland Plastics, Pasadena, CA) containing 50 g of fresh Mexican fruit fly meridic diet. This diet was prepared by mixing 8 kg corn cob, 1.4 kg toasted soy, 4.2 kg sugar, 3.2 kg inactive yeast, 2.1 kg wheat germ, 0.7 kg maseca (corn flour), and 30.5 liters of reverse osmosis (RO) water and was a modification and improvement over an artificial fruit fly diet made by Spishakoff and Hernandez-Davila (1968) . Additionally, the meridic diet included hydrochloric acid (Valley Solvents, Harlingen, TX) to reduce the pH to 3.75 ± 0.25 and microbial inhibitors methyl paraben (Aakash Chemicals, Glendale Heights, IL) and sodium benzoate (Hollywood, CA). Mexican fruit fly eggs were collected from the egg-laying panels at CPHST Mex Fly Methods Development Laboratory in Mission-Texas. Collected eggs were washed four times in RO water, then 15-100 ml of eggs were bubbled for 4 d in 2 l of RO water amended with 24 ml of 3% H 2 O 2 (Aaron Industries, Inc., Lynwood, CA) and 2 ml of 1% Oxolinic Acid (Sigma-Aldrich, St. Louis, MO). Bubbling provided an aerated medium for the Mexican fruit fly eggs to develop. The bubbled eggs were strained, cleaned, and suspended in an agar mix (1:9 ratio eggs to agar). The suspension agar was prepared by adding 2.625 g of agar (Marcor Development Corp, Leominster, MA) to 1.89 l of H 2 O, and amended with 3.5 g methyl paraben. A total of 0.4 ml of egg-agar suspension (~ 600 eggs) was pipetted onto the diet in each bioassay cup. Within 2 h of diet infestation, individual bioassay cups were inoculated with 1 ml of 10 6 colony forming units (CFU) per ml of a yeast isolate. Each cup received one yeast isolate and the inoculum was uniformly distributed across the top of the diet in the cup. Inoculum was prepared by suspending 1 to 2 colonies in sterile water of 4-to 6-d-old yeast culture and adjusting the concentration to 10 6 CFU/ml using a spectrophotometer and dilutions. Control cups received only 1 ml of sterile water. After inoculations, solid propylene lids were placed on bioassay cups to maintain high humidity. After an incubation period of 72 h, the solid propylene lids were replaced with meshed propylene lids (1.5 × 1.5 mm grid) to allow oxygen flow for the rapidly growing larvae. Ten days after inoculation, larvae were separated from spent diet by sifting with a household handheld strainer (Farberware, 1.5 × 1.5 mm grid). Larvae from each bioassay cup were placed into new bioassay cup and the total larval weight per cup was recorded. Larvae were kept in the bioassay cup and a small amount of fine grit corn cob was added to enhance pupation. Weight of all pupae in each bioassays cup was obtained 11 d post separation of larvae from spent diet. Samples of 100 pupae per cup were counted and weighed to obtain mean pupal weight. All pathogenicity tests were conducted in a growth chamber at the CPHST Arthropod Quarantine in Mission, Texas set to 26.5 ± 1.5°C, 80 ± 2.5% RH, and 14:10 (L:D) h photoperiod.
Identification of Yeasts
Representative pure yeast isolates were identified by PCR and sequencing performed at Accugenix (Newark, DE) using AccuGENX-ID FunITS service based on internal transcribed spacer (ITS) 2 nucleotide sequences or at Texas A&M University Kingsville Citrus Center (TAMUK-CC) in Weslaco, TX. At TAMUK-CC, total DNA was isolated from each yeast colony grown at 26°C for 10 d on Difco Sabouraud Agar (Becton, Dickinson and Company, Sparks, MD) using MasterPure Yeast DNA Purification Kit (Epicentre Technologies Corp, Madison, WI). PCR reactions were performed on DNA to amplify fungal ITS 2 (ribosomal RNA) rRNA region using ITS3 and ITS4 primers (White et al. 1990 ). The sequencing reactions were carried at MCLAB (Molecular Cloning Laboratories, San Francisco, CA) using an Applied Biosystems 3730xl DNA Analyzer (ThermoFisher Scientific, Waltham, MA) employing Sanger sequencing method. The nucleotide sequences generated at MCLAB were edited to remove ambiguous nucleotides in the areas of poor sequence data particularly at the ends of individual sequences to obtain consensus sequences and were analyzed for highest matching sequences at National Center for Biotechnology Information's (NCBI) database using megablast program (https://blast.ncbi. nlm.nih.gov/Blast.cgi) and using Molecular ID program at the MycoBank (http://www.mycobank.org) of European Consortium for the Barcode of Life (Robert et al. 2005 ).
Statistical Analyses
To determine the effect of yeast species on the yield of larvae and pupae of Mexican fruit fly, all experiments were conducted in a completely randomized design with three replicates for each isolate. Data was analyzed using JPM 10 and SAS (SAS Version 9.1, SAS Institute, Cary, NC). The linear model (generalized linear model [GLM]) was used when data were missing or unequal number of bioassay cups was present. The least significance difference (LSD P ≤ 0.05 ) test was used to compare means of larvae and pupae yield (weight) and total number of pupae number produced by each isolate of yeast species. The yield percentage loss or gain values were calculated by using the following formula: [(Yield in control cups -Yield in inoculated cups) / Yield in control cups]*100.
Results
Pathogenicity of Z. bailii
Fifteen species of yeasts and one to genus level were identified from a total of 72 yeast cultures that were isolated, purified, and genotyped by extracting DNA and PCR amplification of yeast DNA. Twelve species were from the phylum Ascomycota and four from the phylum Basidiomycota. All yeast species were found to be associated with egg suspensions with the exception of Candida rugosa (Table 1) . Candida parapsilosis, C. rugosa and Zygosaccharamyces bailii were isolated from dead larvae. C. parapsilosis, Clavispora lusitaneae, Wickerhamomyces anomalus, and Z. bailii were isolated from the diet of MFF and the latter was the most frequently found yeast (Table 1) .
Z. bailii was the only highly pathogenic yeast to Mexican fruit fly found during this study. In the bioassay cups, developing larvae migrated to the walls or lids to escape from the abnormal conditions of diet. Diet in bioassay cups showed gas bubbles and signs of fermentation after 72 h of inoculation. This unexpected effect was more evident after 6 d of inoculation (Fig. 1) . Additionally, diet in bioassay cups inoculated with Z. bailii consistently showed crusty, cracking, and pasty layers (Fig. 2) . During the separation of larvae from spent diet, abundant small larvae as well as moribund and discolored larvae were present. Isolations made from these larvae yielded Z. bailii. All the abnormal conditions mentioned above apparently caused the mortality of eggs, larvae, or pupae, and evidently caused a significant yield reduction of larvae ( Fig. 3) and pupae (Figs. 4 and 5) when compared to yields obtained in control bioassay cups. In terms of percentage of larval yield reduction, yields in bioassay cups inoculated with Z. bailii isolates showed losses from 10 to 44%. Most isolates (69%) caused yield losses greater than 25% (Fig. 3) . The most pathogenic isolates 3981 and 4006 caused larval yield losses of 39 and 44%, respectively (Fig. 3) . The least pathogenic isolates 3524, 3982, 4007, 4005 and 3259 caused yield losses of 10, 14, 15, 17, and 17%, respectively (Fig. 3) . In regards to yield losses of pupae, Z. bailii isolates caused losses in the range of 14 to 47% (Figs. 4 and   5 ). Most isolates (63%) caused yield losses from 26 to 62% (Fig. 5) . The majority of isolates of Z. bailii (72.4%) reduced the mean pupal weight (data not shown) to unacceptable values below minimum rearing standards.
Bioassay Experiments
Based on bioassay experiments and statistical analysis, yeast species other than Z.bailii were placed into two groups. Group 1 included yeasts with yields of larvae, pupae and pupa numbers statistically similar to that of the control which included Cryptococcus diffluens, P. kudriavzevii, Meyerozyma guilliermondii, W. anomalus, Trichosporon asahii, Debaryomyces hansenii, Candida tropicalis, Cryptococcus sp., C. parapsilosis, and Hanseniaspora opuntiae (Figs. 6 and 7) . Group 2 included Trichosporon montevideense, Clavispora lucitaniae, Candida sp., C. rugosa, and Rhodotorula mucilaginosa, and produced statistically significant less yield of larvae ( Fig. 6) and pupae (Fig. 7) in comparison with group 1. Yield loss of larvae caused by this group ranged from 12% (C. lusitaniae) to 18% (R. mucilaginosa) (Fig. 6 ). Yield losses for pupal weight were statistically similar to that of the loss found in larvae (Fig. 7) . The mean pupal weight for these species ranged from 17.44 mg (R. mucilaginosa) to 19.96 mg (T. montevidensee) which were above the minimum acceptable (16.50 mg) for the SIT program (data not shown). 
Discussion
Z. bailii was the only highly pathogenic, ubiquitous, and undesirable yeast for the mass rearing of Mexican fruit fly found in this study. Z. bailii is a species in the Genus Zygosaccharomyces Family Saccharomycetaceae and was initially described as Saccharomyces bailii by Lindner (1895) and reclassified by Barnett et al. (1983) to the current Z. bailii.
Yeasts have been involved in many interactions with other microorganisms including antagonism, competition, mutualism, or symbiosis. However, little attention has been given to the interaction of yeast and fruit flies (El-Tabey et al. 1952 , Deutscher et al. 2017 . In studies of the microbiota of fruit flies, such as, Drosophila melanogaster, it was found that yeasts affected larval development and adult body weight (Anagnostou et al. 2010) , yeast spores survived digestion (Coluccio et al. 2008) , and flies were killed after ingesting Crytococcus neoformans (Apidianakis et al. 2004 ). Vacek et al. (1979) found that fallen fruit served as a breeding site for certain Drosophila species and yeasts found on these fruits included Kloeckera, Hanseniaspora, Candida, Torulopsis, Cryptococcus, and Kloeckera apiculate. These yeasts in the necrotic tissues of fruit play an important role in Drosophila nutrition. Vega and Dowd (2005) found that yeast cells are a good source of B vitamins, proteins, trace metals, and amino acids that can be readily assimilated by simple digestion. In the case of A. ludens, most of the previous studies on its microbiota focused only on bacteria (McFadden 1966 , Rubio and McFadden 1966 , Martinez et al. 1994 , Kuzina et al. 2001 , Salas et al. 2017 ). Darby and Kapp (1934) mentioned that dead yeasts cells were observed in the alimentary tracts of flies killed by copper treatment. Thus, the interaction between yeasts and Mexican fruit fly is unknown. It is possible that previous researchers examining the microbiota associated with Mexican fruit fly did not specifically look for yeasts, did not use culture media that enhances recovery 6.41 6.4 6.24 6.23 6.1 6.09 6.08 6.07 6.02 5.9 5.86 5.84 5.73 5.61 5.56 of yeasts, or did not consider yeasts as possible pathogens. In fact, Torula yeast, an inactive form of Candida utilis, is used as an attractant to trap Mexican fruit fly (Conway and Forrester 2007) and it is also used in the formulation of artificial diet for the mass rearing of Mexican fruit fly (Spishakoff and Hernandez-Davila 1968) . To our knowledge, this study is the first to report the effect of yeast species in relation to the rearing of Mexican fruit fly.
In this study, 15 species of yeast were identified from isolations made from different life stages of Mexican fruit fly and from materials used in the rearing of Mexican fruit fly. The majority of yeast species found and assayed in this study were not highly pathogenic to A. ludens because the yield of larvae (Fig. 6) and pupae (Fig. 7) were similar to that of the control. These species may be mutualistic or serve as food source for the development of A. ludens. The weakly pathogenic species based on our bioassays results included T. montevideense, C. lucitaniae, Candida sp., C. rugosa and R. mucilaginosa. Yeasts in the genus Candida, Cryptococcus, Debaryomyces, Pichia, and Zygosaccharomyces are known to produce mycocins (Schmith and Brainig 2002, Golubev 2006) . Thus, these species may be detrimental for the rearing of Mexican fruit fly because they might inhibit or kill beneficial yeasts used for the successful rearing of Mexican fruit fly. Additional research on yeasts and their interaction with A. ludens is recommended as other yeasts were found during this study, but not identified, nor examined for their interactions.
The highly pathogenic yeast, Z. bailii, was isolated from eggs, larvae, and diet of A. ludens (Tables 1 and 2 ). It was also isolated from diet ingredients, trays, and water droplets on plastic covers used for the mass rearing of Mexican fruit fly (data not shown). These findings suggest that Z. bailii is ubiquitous in the rearing process of A. ludens. If not monitored and controlled, Z. bailii may cause a significant negative effect on the yield of A. ludens and seriously affect the mass rearing of MFF and consequently endanger the SIT aerial release program. Most isolates of Z. bailii (69%) caused yield losses greater than 25% in small cup bioassays. In the rearing world, it is generally acknowledged that yield losses of larvae and pupae greater than 15% of production is significant for SIT programs where the aim is to over flood the feral populations of Mexican fruit fly with sterile mass reared males. Moreover, the majority of isolates of Z. bailii caused the mean pupal weight to fall below the minimum acceptable (16.50 mg) for the SIT program, thus, the small larvae will be lost falling through the screen in the larval collection process. The pupae will develop into smaller low quality adults and will be of little value in an SIT program. Z. bailii caused death of eggs and larvae which reflected in the low yields obtained in the bioassay cups inoculated with this yeast. This yeast is known to produce zygocin which can kill other yeasts including Candida albicans, C. glabrata, C. kruzei, and Sporothrix schenckii (Weiler and Schmitt 2003) . Gas bubbles of fermentation were also present resulting in observation of small larvae migrating from the diet to the walls of the bioassay cups to avoid this yeast. Thus, Z. bailii may spoil the Mexican fruit fly diet for the development of A. ludens. Zygosaccharamyces bailii is known as spoilage yeast of many foods and beverages (Thomas and Davenport 1985, Fleet 1992) . It is also reported that Z. bailii is highly fermentative and produces excessive gas (Grinbaum et al. 1994) . Moreover, antimicrobials, such as benzoate, methyl paraben, and hydrochloric acid, used in the artificial diet of Mexican fruit fly may favor development of Z. bailii in the diet. Z. bailii was reported to be highly resistant to sorbic acid, benzoic acid, acetic acid and propionic acid (Ingram 1960 ,Pitt 1974 , Neves et al. 1994 , Malfeito-Ferreira et al. 1997 , Stratford et al. 2013 . All these resistant characteristics make Z. bailii very difficult to control. Control methods for Z. bailii must be found to avoid its highly deleterious effect on mass rearing of A. ludens. One example of controlling this yeast is the use of alkanols (Fujita et al. 2008) . It is recommended that additional studies be conducted to find methods to control this extremely resistant yeast to ensure the success of mass rearing of Mexican fruit fly and the SIT program.
